The aromatization of 2-octanol derived from castor oil as a byproduct in the formation of sebacic acid was investigated on various zeolite catalysts. Zn ion-exchanged MFI (ZSM-5) zeolites with small silica/alumina ratios and zinc contents of 0.5 to 2.0 wt. % were determined to exhibit good and stable activity for the reaction at 623 to 823 K. The yield of aromatics was 62% at 773 K and the space velocity 350 to 1400 h −1
Introduction
Approximately 1.3 million tons of castor oil is produced annually worldwide and is used as a typical biomass material [1] . Recently, castor oil's application has been expanded to the manufacturing of 6,10-nylon. In the polymer synthesis industry, ricinoleic acid (a compound consisting of 18 carbon atoms, C18) was first produced by the transesterification of castor oil with methanol, and subsequently decomposed to sebacic acid (C10) and 2-octanol (C8). Sebacic acid yields 6,10-nylon via the reaction with hexamethylenediamine [2] . However, the remaining 2-octanol is partially used as, for instance, a lubricant and plasticizer [3] , but its usage is limited, and new applications should be developed. Moreover, the use of shale gas for energies and chemicals has rapidly grown worldwide, which changes the construction of the current petroleum chemistry [4] [5] [6] . The lack of aromatics, the production of which from shale gas is notably difficult, has been a severe challenge which should be resolved in the shale gas industry. We proposed that the selective conversion of 2-octanol to aromatics would be significant to generate a new type of environmentally benign chemistry to cope with the shale gas industry. This developed method would be able to be expanded into other biomass products. This possibility was investigated in this study and good results were obtained.
The aromatization of various compounds, including alcohols [5] [6] [7] [8] [9] [10] [11] [12] , alkanes [13] [14] [15] [16] [17] [18] [19] [20] [21] , and alkenes [22] , has been reported on various heterogeneous catalysts, such as silica-alumina, zeolites, hydroxyapatite, and heteropolyacids. Our attention was focused on zeolite catalysts based on the following reports. The selectivity of aromatics on zeolite catalysts was the highest among those on reported catalysts due to the shape selectivity [13] [14] [15] [16] [17] [18] [19] [20] [21] . Platinum-loaded K-LTL zeolites were reported as highly active catalysts for the aromatization of n-hexane [23] [24] [25] [26] [27] [28] . In addition, proton and metal ion-exchanged MFI zeolites exhibited high activity for the formation of gasoline from various alcohols [7] . The reactivity of 2-octanol on various zeolites was first investigated here. The effects of the silica/alumina ratio and the loaded metal ion on the catalytic activity were subsequently examined. The product distributions were investigated as a function of the amount of active metal ions and the gas hourly space velocity (GHSV). Finally, the reaction pathways were discussed based on the temperature and the contact time dependences of the product distribution and the reactivity of other reactants.
It should be noted that the industrial production of 2-octanol is accompanied with a by-product, methyl n-hexyl ketone (2-octanone). Hence, technical 2-octanol as prepared by the present industrial process is a mixture of about 85% 2-octanol and 15% 2-octanone by weight. The reactivity of 2-octanone was also measured in this study to reveal the effect of the impurity for the aromatization of 2-octanol.
Results and Discussion

Carbon Balance of the Reaction and Stability of the Catalyst
Before the detailed introduction of the experimental results, the carbon balance of the reaction and the stability of the typical catalyst developed in the current study are summarized in Figure 1 . The catalyst employed here was a Zn-MFI catalyst with Zn of 0.25 wt. %, which was prepared using H-MFI with a silica/alumina ratio of 40. As described in the experimental section, we determined either the amounts of C5-C8 compounds or C3-C4 compounds in one experiment due to the limitation of our GC-analysis system, and thus the results shown in Figure 1 were the combined results of two experiments. The figure indicated the stepwise change in the yields of various products with the reaction temperature and the very stable catalytic activity at the respective reaction temperatures, indicating no deactivation within the present experimental conditions. However, the color of Zn-MFI was changed to light gray from white after the continuous service of 16 h, which indicated the potential deactivation of the catalyst due to a longer reaction time or a higher partial pressure of 2-octanol. The carbon balance was excellent at each temperature, although the product distribution was greatly varied with the temperature. The change in the product distribution will be discussed in the section of reaction pathways. In the current study, most of the experiments were performed in the analysis mode for the C5-C8 compounds (the column set A) because aromatics were the targeted compounds. ); P2OcOH 5%; N2 95%; 1 atm.
Effects of Zeolite Structure and the Silica Alumina Ratio
The catalytic activity of MFI-, MOR(Mordenite)-, BEA(Beta)-, FAU(Faujasite)-, and LTL(L-type)-containing protons or alkali metal ions is summarized in Figure 2 . The extremely low yields of products (a highly undesirable carbon balance) on H-BEA were due to severe coke formation. The product distributions on the zeolites could be classified into three groups: (1) MFI (Benzene 4.6%, Toluene 11.6%, and Xylene 9.3%-A very small amount of ethylbenzene, 0.1%-0.6%, was observed in each experiment, but its amount was not shown unless otherwise stated); (2) MOR (B 0.2, T 0.3, X 0.5), BEA (B 0.5, T 2.1, X 2.6), and H-FAU (B 0.5, T 0.1, X 3.1); and (3) Na-FAU (B 0.0, T 0.9, X 6.9) and K-LTL (B 0.0, T 0.3, X 1.0). The first but not the second and third group of zeolites yielded aromatics as major products. The difference between the second and third groups was the production of 2-octene: thus, the third group of zeolites yielded the dehydrated product of the raw alcohol, which indicated low activity for the scission reaction of carbon-carbon bonds or a milder acidity than those of the first and second group zeolites. ); P2OcOH 5%; N2 95%; 1 atm.
The figure indicated that the MFI structure was the most suitable for the production of aromatics among the zeolites employed; thus, MFI was employed hereafter as a parent material for improvement of the catalyst. Importantly, the catalytic activity of K-LTL for aromatization was greatly improved by the addition of platinum as shown in Figure 2 , which corresponded to reports that the Pt-K-LTL was active for the aromatization of long-chain hydrocarbons [23] [24] [25] [26] [27] [28] . Namely, the dehydration of 2-octanol to 2-octene and the aromatization of the resulting 2-octene were well catalyzed with the acid sites on the LTL zeolite and the loaded Pt, respectively. However, the yield of aromatics was approximately 34%-36% (B 0.0, T 8.1, X 13.9, EB 12.2) at most within the current study and the activity was gradually decreased with the reaction time. These results were inferior to those using Zn-MFI, which will be introduced in the next section, and thus, a detailed investigation on Pt-K-LTL was not performed here.
The catalytic activity of H-MFI was subsequently studied as a function of the silica/alumina ratio. The ratios of the employed MFI zeolites were in the range of 30 to1880, and the results at 773 K were compared. The yields of aromatics greatly decreased with an increasing ratio; the yields were 34%, 30%, 25%, and 2% at silica/alumina ratios of 30, 40, 90, and 1880, respectively. These results indicated that the number of acid sites on the zeolites was an important factor in controlling the catalytic activity for aromatization due to the widely recognized dependency of the acid-catalyzed reaction on the amount of aluminum ions [14] . The H-MFI zeolite with a silica/alumina ratio of 40 was employed hereafter as the parent zeolite for further experiments because its stability during the catalytic reaction was better than that of H-MFI at a silica/alumina ratio of 30.
Catalysis on Zinc Ion-Exchanged MFI Zeolites
The catalytic activity of various metal ion-exchanged MFI zeolites was examined for the aromatization of 2-octanol, and typical results at 773 K are summarized in 3), and 52.6% (B 15.1, T 23.5, X 13.9) at 773 K, indicating little effect of the loading amount on the catalytic activity in the region of 0.5-2.0 wt. %. Moreover, the reaction of 2-octanol proceeded through the decomposition of the reactant to small molecules and the aromatization of the resultant alkanes and alkenes. Several studies reported the similar aromatization reactions of alkanes and alkenes catalyzed by zinc [13, 15, [17] [18] [19] or gallium [14] ion-exchanged MFI zeolites, which were consistent with the present results. The active zinc species were suggested to be [Zn(OH)] + ions [15] [17] , which catalyzed the dehydrogenation of lower alkanes to corresponding alkenes. The little dependence of the catalytic activity on the amount of loaded Zn in the range of 0.5-2.0 wt. % might suggest the former as the active sites. The Zn-MFI zeolite with a silica/alumina ratio of 40 and Zn of 0.67 wt. % prepared by the ion exchange method was employed hereafter as a standard catalyst unless otherwise stated. ); P2OcOH 5%; N2 95%; 1 atm.
Reaction Pathways and Reactivity of Various Compounds
The product distributions on Zn-MFI were investigated as a function of the gas hourly space velocity (GHSV) as shown in Figure 4 . The major product at the short contact time (at a high SV) was C5 compounds and the yield of aromatics was approximately 30%. The longer contact time decreased the amount of C5 compounds and increased the yield of aromatics and hydrogen, which clearly indicated the conversion of C5 compounds to aromatics with dehydrogenation. Interestingly, a very small amount of 2-octene was produced in a short contact time, and its amount decreased with increasing contact time, which suggested that 2-octene is an initial intermediate for aromatization. The production of aromatics resulting from the recombination of small hydrocarbons could also be recognized by changes in the amounts of benzene, toluene, and xylene shown in Figure 4B . The amounts of benzene and toluene increased in parallel with the increasing contact time, but those of xylenes showed volcano-shaped dependence on the contact time. These results indicated the major parallel production of BTX and side reactions of xylenes to toluene and/or benzene through demethylation at the longer contact time. Similar behaviors to those shown in Figure 4 were observed in temperature-dependence (Figure 1) . The C5 and C3 compounds were produced at lower reaction temperatures and their respective yields indicated stoichiometric decomposition of the C8 compound. In contrast, aromatics become major at higher temperatures, which accompanies a decrease in the amount of C2-C5 compounds. All of these observations indicated reaction pathways, dehydration of 2-octanol to 2-octene, decomposition of resulting 2-octene to C5 and C3 compounds, further decomposition of the C5 to C2 and C3 compounds [14] , and, finally, aromatization of C2 and C3 compounds with dehydrogenation [15] [16] [17] 19, 20] . ; P2OcOH 5%; N2 95%; 1 atm. These reaction pathways were further supported by the following experiments. Mesoporous silica materials containing very small amounts of aluminum ions, MCM-41, were reported to exhibit weak and uniform acid sites [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The uniformity of MCM-41 resulted in excellent selectivity of products in various organic synthesis reactions [29] [30] [31] [32] [33] [34] [35] . In the current reaction on MCM-41, C5 and C3 compounds were obtained stoichiometrically with 100% conversions of 2-octanol at 623-773 K, and no further reaction, such as the scission reaction of C-C bonds of the C5 compounds, was observed due to the weak acidity of the MCM-41 catalyst [36] [37] [38] [39] [40] [41] . The MCM-41 and the Zn-MFI catalysts were mounted in a series into the reactor and used for the reaction of 2-octanol. The product distributions were the same as those shown in Figure 1 within the experimental errors, which supported the previously described reaction mechanism to be correct.
The dependence of the product distribution on the reactants was finally studied to reveal the effect of the functional groups on the reaction pathways. As summarized in Figure 5 , C5-C8 alcohols showed very similar product distributions with each other. Little difference of the product distributions indicated that all of the alcohols have the same reaction pathways as that of 2-octanol, that is, the decomposition to C2-C3 hydrocarbons and their recombination to form aromatics. In contrast, the product distributions of the carbonyl compounds were different from those of the corresponding alcohols and dependent on the carbon number of the reactants. With 2-hexanone, the major product among the produced aromatics was benzene. With 2-heptanone and heptanal, it was toluene. In the case of 2-octanone, the amounts of the produced aromatics were in the order of toluene > benzene > xylene. The carbon number of the major product was not consistent with that of the reactant, but it should be noted that the amount of produced xylene was larger than that from 2-octanol, which suggested the favorable production of xylene from 2-octanone. These consistencies of the carbon numbers of the reactants with those of the products indicated the possibility of direct aromatization of the reactants or long-chain intermediates; that is, the reaction pathways of the carbonyl compounds would be different from those of alcohols. ); P2OcOH 5%; N2 95%; 1 atm.
Experimental Section
Preparation of Metal Ion-Exchanged Zeolite Catalysts
Metal ion-exchanged zeolite (M-zeolite) catalysts were prepared using a conventional ion exchange method. The properties of the parent zeolites, which were obtained from the Catalysis Society of Japan or purchased from Tosoh Corporation, are summarized in Table 1 . The zeolites were ion-exchanged at 353 K for 3 h using aqueous solutions of the metal nitrates Fe, Ni, Cu, Zn, and Ga. After the ion exchange treatments, the samples were washed with deionized water, air-dried at 353 K for 24 h, heated to 823 K in air at a heating rate of 2 K/min, and calcined at the same temperature for 7 h. The amounts of the metal ions loaded were 0.25 (Fe), 0.24 (Ni), 0.71 (Cu), 0.67 (Zn), and Ga (0.25) wt. %, except in the experiments on the dependence of catalytic activity on the exchange level of zinc ions. 
Measurement of Catalytic Activity
The 2-Octanol (>99.5%, Kanto Chemical, Tokyo, Japan) was used without further purification. The continuous flow reactions were performed in a fixed-bed plug-flow reactor made of quartz (i.d. 10 mm) at an atmospheric pressure under the following conditions: catalyst weight 0.05 to 2.0 g (particle diameter, 300-600 μm), total flow rate 12 to 50 mL·min −1 , partial pressure of 2-octanol (P2OcOH) 5% with 95% N2. The lengths of the catalyst bed in the reactor were 0.1-4.0 cm and the length of the furnace for heating the reactor was 45 cm, indicating the reaction port isothermal. Prior to the catalytic runs, the catalysts were heated in a N2 flow at 673 K for 1 h. The crystal sizes of the zeolites employed in this study were 0.1-5 mm as shown in Table 1 , indicating that the catalyst performances were measured in diffusion-limiting regime [42] .
The products were analyzed with an on-line automatic gas chromatograph (AG-1, Round Science), which was equipped with two sets of three types of packed columns: the first set A, (1) MS 5A; (2) Porapak Q; and (3) Bentone 34 with DIDP (2′-Deoxyinosine 5′-Diphosphoric acid), and the second set B, (1) MS 5A; (2) Porapak Q; and (3′) PEG 20 M. The columns 1-2 were independently connected to two TCD detectors to determine the yields of H2, N2, CO, CO2, CH4, C2H4, and C2H6. The column 3 or 3′ was connected to an FID detector to determine the yields of C5-C8 hydrocarbons including aromatics or the yields of C3-C4 hydrocarbons. The switching of the column sets and the measurements, which were obtained twice, were required to determine the entire product distributions of one catalytic run. The present analysis system could not measure the respective amounts of butane, butenes, and butadiene and those of pentane and pentenes; thus, these compounds were expressed as C4 and C5 without detailed distinction. The amounts of ethane and ethene or those of propane and propene could be determined separately, but they were also expressed as C2 or C3 compounds here because the distinction between alkanes and alkenes did not affect the discussion of the reaction mechanism as shown later. The conversion levels of 2-octanol and yields of hydrocarbon products (CnHx, n = carbon number) were calculated using Equations (1) and (2), where the partial pressures of 2-octanol before and after the reaction are denoted by P2OcOH and P′2OcOH, respectively. The amount of N2 was employed as an internal standard to determine the conversions. The respective experimental values would have approximately ±5% of relative errors. The reproducibility of the catalytic performances was very good, as shown in Section 2.3.
2-Octanol Conversion (%) = 100 (1 − (P′2OcOH/P2OcOH) (PN2/P′N2))
Cn Yield (%) = 100 (nP′Cn/8P2OcOH) (PN2/P′N2)
Conclusions
The production of aromatics from 2-octanol was investigated on various zeolite catalysts. Zn ion-exchanged MFI zeolites with silica/alumina ratios of 30 to 40 were found to demonstrate high activity for the reaction. The yield of aromatics was approximately 60% at the optimized reaction conditions. The reaction was proposed to proceed via the decomposition of 2-octanol to small alkanes and alkenes and their recombination to form aromatics in the pores of the MFI zeolites. The acid sites would catalyze the dehydration and the scission reaction of C-C bonds, while zinc ions would function in the dehydrogenation of alkanes to alkenes. The aromatization would be catalyzed by both acid sites and zinc ions. It would be worthy to add that 2-octanone, the major impurity (<0.5%) in industrial 2-octanol, gave a similar product distribution to that of 2-oactanol and thus would not prevent the present aromatization.
